Iron-sulfur clusters (ISC) are indispensable cofactors for essential enzymes in various cellular processes. In the model yeast Saccharomyces cerevisiae, the precursor of ISCs is exported from mitochondria via a mitochondrial ABC transporter Atm1 and used for cytosolic and nuclear ISC protein assembly. Although iron homeostasis has been implicated in the virulence of the human fungal pathogen Cryptococcus neoformans, the key components of the ISC biosynthesis pathway need to be fully elucidated. In the current study, a homolog of S. cerevisiae Atm1 was identified in C. neoformans, and its function was characterized. We constructed C. neoformans mutants lacking ATM1 and found that deletion of ATM1 affected mitochondrial functions. Furthermore, we observed diminished activity of the cytosolic ISC-containing protein Leu1 and the heme-containing protein catalase in the atm1 mutant. These results suggested that Atm1 is required for the biosynthesis of ISCs in the cytoplasm as well as heme metabolism in C. neoformans. In addition, the atm1 mutants were avirulent in a murine model of cryptococcosis. Overall, our results demonstrated that Atm1 plays a critical role in iron metabolism and virulence for C. neoformans.
Introduction
Mitochondria play key roles in various essential metabolic processes in eukaryotic cells. Iron metabolism is one of the major cellular processes carried out by mitochondria and key functions include the biogenesis of iron-sulfur clusters (ISC) and the synthesis of heme. Previous findings in the model yeast Saccharomyces cerevisiae showed that mitochondria influence the expression of cellular iron transporters via the iron-dependent regulatory transcription factors Aft1 and Aft2. 1 Iron-sulfur clusters are essential cofactors for ISCcontaining proteins involved in multiple cellular processes such as oxidative phosphorylation, metabolic catalysis, amino acid biosynthesis, DNA repair, and gene expression. [2] [3] [4] In eukaryotic cells, ISC biogenesis is complex and comprises three separate and well-conserved systems: mitochondrial ISC assembly machinery, an export system mainly mediated by a mitochondrial ATP-binding cassette (ABC) transporter, and cytosolic ISC assembly (CIA) machinery. 2 A small number of ABC transporters exist in mitochondria; of these, Atm1 in S. cerevisiae and Schizosaccharomyces pombe, 5, 6 Atm3 in Arabidopsis thaliana, and Abcb7 in mammals were shown to be responsible for ISC transport from mitochondria to the cytoplasm. 7 These ABC transporters belong to the B subfamily of half transporters. Recent structural analysis revealed S. cerevisiae Atm1 to be a homodimer that spans the intermembrane space and matrix in mitochondria. 8 Although Atm1 and its homologs in various eukaryotic cells are thought to deliver the molecule required for cytosolic ISC protein assembly, their specific substrate is still unknown. Tetraglutathione-coordinated [2Fe-2S] cluster ((GS) 4 -[2Fe-2S]) was suggested to be the substrate of Atm1; however, whether (GS) 4 -[2Fe-2S] exists in living cells is questionable. 9, 10 On the other hand, a biochemical study performed by Schaedler et al., using heterologously expressed S. cerevisiae Atm1 in Lactococcus lactis, suggested that the protein selectively transports glutathione polysulfide, GSSG, and GS-S-SG. 11 However, GSSG and GS-S-SG are also available in cytoplasm and the need for Atm1 to deliver these molecules from mitochondria instead of utilizing the cytoplasmic substrate is still being interrogated. 10 Cryptococcus neoformans is an opportunistic fungal pathogen that causes life-threatening meningoencephalitis in immunocompromised people, such as human immunodeficiency virus (HIV)/AIDS or organ transplantation patients. An estimated 181,100 deaths by cryptococcal meningitis are reported globally, with approximately 135,900 deaths in sub-Saharan Africa. It has also been reported that 15% of AIDS-related deaths are occurred by cryptococcal meningitis globally. 12 It is well established that iron is an indispensable nutrient for pathogenic microbes and that the metal plays an essential role in host-pathogen interactions. Similarly, the importance of iron for C. neoformans is well established, and multiple studies have confirmed that iron influences the expression of major virulence factors such as melanin production and capsule synthesis, as well as the survival of the fungus within the host environment. 13, 14 As in other eukaryotic cells, mitochondria play critical roles in iron metabolism and homeostasis in C. neoformans. We previously identified and characterized two main ISC-containing proteins in amino acid biosynthesis, homoaconitase (Lys4) and isopropylmalate dehydrogenase (Leu1), which are localized in mitochondria and the cytosol, respectively. These proteins influence the metabolism and distribution of ICS, cellular iron metabolism, and the virulence of C. neoformans. 15, 16 These findings support the idea that mitochondrial iron metabolism, as well as ISC biogenesis and distribution, play critical roles in the physiology and pathogenesis of C. neoformans. Our goal in this study was to identify and characterize the role of the Atm1 homolog in C. neoformans. A mutant lacking ATM1 was constructed and used throughout the study to understand the role of Atm1 in the maturation of cytosolic ISC cluster proteins and the physiology and virulence of C. neoformans.
Methods

Strains and growth conditions
The strains used in this study are listed in Table S1 . The strains were routinely cultured in yeast extract-bacto peptone medium with 2.0% glucose (YPD; Difco, Detroit, Michigan) or yeast nitrogen base (YNB; Difco) with 2.0% glucose. Low-iron medium was prepared as previously described. 17 To evaluate the growth of fungal cells on solid medium, 10-fold serial dilutions of cell suspensions (starting at 10 5 cells) were spotted onto plates, incubated at 30 • C for 2 or 4 days, and photographed.
Construction of strains
The sequence of the gene encoding the Atm1 homolog (CNAG 04358) was obtained from the C. neoformans var. grubii serotype A genome database (http:// www.broadinstitute.org/annotation/genome/cryptococcus neoformans). Primers used in this study are listed in Table S2 . To construct the atm1 mutant, the genetic locus containing the 826-base pair (bp) open reading frame of the gene was replaced by homologous recombination with a gene-specific deletion cassette, which was amplified with primers tAtm1 KO 1, Atm1 KO 2, Atm1 KO 3, Atm1 KO 4, Atm1 KO 5, and Atm1 KO 6. The deletion cassette was introduced into the wild-type strain by biolistic transformation, as previously described. 18 Positive transformants were confirmed by polymerase chain reaction (PCR) and Southern blot analysis (Fig. S1 ). Three independent mutants were obtained and found to display identical phenotypes. One of them was selected and used throughout the study. The plasmid pWH091 containing codon-optimized GFP, the GAL7 gene terminator, and the neomycin resistance gene was used to construct the strain expressing the Atm1-green fluorescence protein (GFP) fusion. 17 The ATM1 gene was amplified by PCR from wild-type genomic DNA with primers Atm1 KpnI F and Atm1 KpnI R. Amplified DNA fragments were digested with KpnI and cloned into the plasmid pWH091. The resulting plasmid pWH146 was used as a template to amplify the Atm1-GFP fusion by PCR with primers Atm1 SpeI and Atm1 XbaI. Amplified DNA fragments were digested with SpeI and XbaI and cloned into the plasmid pCH233. The resulting plasmid pWH146 NAT was linearized with SalI and introduced into the atm1 mutant by biolistic transformation. Positive transformants were confirmed by PCR and Western blot analysis.
To construct the Sod2-FLAG fusion protein, the SOD2 gene encoding superoxide dismutase was amplified by PCR using primers Sod2 HindIII F and Sod2 BamHI R with wild-type genomic DNA. Amplified DNA fragments were digested with HindIII and BamHI and cloned into the plasmid pWH181 carrying the 3 × FLAG sequence, the GAL7 gene terminator, and the nourseothricin acetyltransferase gene. 16 The resulting plasmid pWH226 was linearized using
BglII and introduced into the wild-type and atm1 mutant strains by biolistic transformation. Positive transformants were confirmed by PCR and Western blot analysis.
Fluorescence Activated Cell Sorting (FACS)
Cells were grown overnight in 3 ml YPD, and 1 × 10 7 cells/ml of each strain were resuspended in 1 mL YPD supplemented with 5 μM MitoSOX (Molecular probes, Eugene, Oregon), followed by incubation at 30
• C for 15 min.
Cells were washed twice with phosphate-buffered saline (PBS) and resuspended in PBS. Approximately 10,000 cells of each strain were measured by the fluorescence activated cell sorter FACSAriaII (BD Bioscience, San Jose, California) with laser at 488 nm, and emission data were collected at the PE channel. The fluorescence data were analyzed using FACS DIVA (BD Bioscience).
Yeast complementation test
The multicopy plasmid YEp352Gap-II carrying the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter was used to construct a plasmid to express the C. neoformans Atm1 protein in S. cerevisiae. The ATM1 gene was amplified by PCR using complementary DNA (cDNA) from the wild-type strain with primers CneoAtm1 F and CneoAtm1 R. Amplified DNA fragments were digested with EcoRI and XbaI and cloned into the plasmid YEp352Gap-II. Transformants of the heterozygous diploid S. cerevisiae atm1 mutant containing either YEp352Gap-II or YEp352GAP-II-CnATM1 was generated by the lithium acetate transformation method. 19 Positive transformants were selected on YNB minimal medium lacking uracil. Each strain was sporulated, and tetrads were dissected on YNB minimal medium lacking uracil and incubated at 30
• C for 4 days.
Heme content assay
Intracellular heme levels were determined by colorimetric analysis using the BioVision Hemin assay kit (BioVision, Milpitas, California). Briefly, wild-type and atm1 mutant strains were grown overnight in YPD, washed twice with PBS, and resuspended in lysis buffer containing 10 mM Tris-HCl pH8.0 and 150 mM sodium chloride (NaCl). Cells were lysed using a bead-beater and centrifuged at 13,000 rpm for 3 min at 4
• C. The supernatant was used to assay heme content according to the manufacturer's instructions.
Virulence assay
Virulence was assayed with an inhalation model of cryptococcosis, using female C57BL/6 mice (4−6 weeks old), as previously described 20 . Briefly, C. neoformans strains were grown in 5 ml of YPD at 30
• C overnight, washed, and resuspended in PBS. C57BL/6 mice, in groups of 10, were intranasally inoculated with a 50 μl suspension of 1 × 10 5 cells. The health status of mice was monitored daily. Mice reaching the humane endpoint were euthanized by CO 2 anoxia, followed by decapitation. All animal experiments were reviewed and ethically approved by the Research Ethics Committees of the College of Life and Health Sciences of Northeastern University.
Miscellaneous methods
The Atm1-GFP fusion protein and mitochondria were visualized using an Axioplan 2 imaging system (Zeiss, Germany) at 100× magnification. 16 ICP-AES analysis was employed to measure total and mitochondrial iron levels in cells, as previously described. 21 Protein extraction from cells using a bead beater and Western blot analysis were performed as previously described. 16 The concentration of total protein was measured with the Bradford assay. 22 Total RNA extraction and quantitative real-time PCR were performed as previously described; the primers used are listed in Table S2 . 21 Mitochondria isolation was performed using differential centrifugation. 23 The activities of aconitase (Aco1), 24 Leu1, 25 Sod2, 16 catalase, 26 and mitochondrial complex I were determined as previously described. 27 Measurement of c-type cytochrome was performed as previously described. 
Results
Identification of an Atm1 homolog in C. neoformans
The gene CNAG 04358 was identified in the genome of C. neoformans as encoding a homolog of S. cerevisiae Atm1. The predicted amino acid sequence of the polypeptide showed 57% identity and 74% similarity to Atm1 from S. cerevisiae and displayed the ABC transporter transmembrane region and the ATP-binding domain. The Atm1 protein from S. cerevisiae contains conserved amino acid residues that interact with glutathione. 8 We identified similar residues, R311, R315, N374, N421, T425, R428, and E429, in Atm1 from C. neoformans, suggesting a possible interaction between glutathione and the protein (Fig. S2 ). Atm1 is reported to be localized in the mitochondrial inner membrane in S. cerevisiae. 6 To confirm
Atm1 localization in C. neoformans, we constructed a strain expressing Atm1 fused with GFP and investigated the localization of the fusion protein. Fluorescence microscopy revealed that Atm1 is localized in mitochondria (Fig. 1A) , and this result was confirmed by Western blot analysis using an isolated mitochondrial fraction (Fig. 1B) . To examine the functional similarity between The growth of the atm1 mutant in the presence of 21% or 6% O 2 was monitored. The reduced oxygen environment was generated using CampyGen (Oxoid). (C) The growth of the atm1 mutant in medium containing DPI or rotenone was monitored. (D) The activity of mitochondrial respiratory complex I was measured using mitochondria isolated from the wild-type and the atm1 mutant strains (P = .0002).
Atm1 in C. neoformans and S. cerevisiae, a complementation test was performed using the heterozygous diploid S. cerevisiae atm1 mutant (ScATM1/Scatm1). We used the heterozygous diploid mutant because of lethality of the atm1 mutation in a haploid strain. C. neoformans ATM1 was expressed on the episomal vector Yep352Gap-II in the S. cerevisiae mutant followed by sporulation. As shown in Figure 1C , all four spores were viable from the tetrad produced from the heterozygous diploid atm1 mutant of S. cerevisiae expressing C. neoformans ATM1. In contrast, only two spores with endogenous S. cerevisiae ATM1 were viable among the four spores of the tetrad produced from the same S. cerevisiae mutant carrying the empty vector. These results indicated that C. neoformans ATM1 complemented the atm1 mutation in S. cerevisiae. However, we should note that the haploid atm1 mutant of S. cerevisiae, expressing Atm1 from C. neoformans, displayed a slow growth phenotype suggesting only partial complementation. This result may indicate that Atm1 plays a slightly different role in C. neoformans versus S. cerevisiae.
To gain further insight into this possibility, we compared the amino acid sequence of Atm1 from C. neoformans with the sequences of other known Atm1 homologs from fungi. Human Atm1 homologs were included as references.
As shown in Figure 1D , C. neoformans Atm1 belongs to the clade that contains the basidiomycete phytopathogenic fungus Ustilago maydis, and this clade is distinct from the one containing S. cerevisiae. This result supports the possibility of an additional role of Atm1 in C. neoformans. Similar to our findings, the ATM1 gene from S. pombe only partially complements the atm1 mutation in S. cerevisiae, again suggesting the possibility of functional differences among Atm1 homologs from different fungal species.
5
Deletion of ATM1 disrupts mitochondrial functions in C. neoformans
To investigate the role of Atm1 in C. neoformans, we used biolistic transformation with a gene-specific knockout cassette to construct a mutant lacking ATM1. In addition, a reconstituted strain was generated by introducing the wild-type ATM1 gene into the original locus in the atm1 mutant; this strain was included throughout the study (see Methods). In S. cerevisiae, deletion of ATM1 causes a significant growth defect in medium with glucose as a carbon source. 6 Furthermore, the gene was shown to be essential for the utilization of nonfermentable carbon sources in both S. cerevisiae and S. pombe. 5, 6 In comparison to the wild-type strain, the atm1 mutant of C. neoformans showed reduced growth in YPD medium; the doubling time of the wild-type and the atm1 mutant cells was approximately 3.04 and 6.81 hours, respectively. Moreover, the atm1 mutant was unable to grow in medium containing non-fermentable carbon sources such as ethanol and acetate. However, the ATM1-reconstituted strain showed levels of growth similar to the wild-type strain in media containing glucose and non-fermentable carbon sources, suggesting that ATM1 is required for carbon source utilization (likely for mitochondrial respiration) in C. neoformans ( Fig. 2A) . The involvement of ATM1 in mitochondrial respiratory functions in C. neoformans was further confirmed by restored growth of mutant cells in the presence of a reduced level of oxygen (Fig. 2B) . Moreover, it has been reported that a strain depleted for Atm1 in S. cerevisiae showed significantly diminished levels of ISC and heme, which are required for the activities of mitochondrial respiratory complexes in aerobic condition. 25 Therefore, we hypothesized that the atm1 mutant of C. neoformans would display altered sensitivity to inhibitors of mitochondrial respiratory complex I-IV and alternative oxidase in aerobic condition. To test this hypothesis, we used the specific inhibitors diphenyleneiodonium (DPI) and rotenone for complex I, malonic acid for complex II, antimycin A for complex III, potassium cyanide for complex IV, and salicylhydroxamic acid (SHAM) for alternative oxidase. The results of our assays revealed that cells of the atm1 mutant failed to show altered sensitivity in media containing mitochondrial inhibitors of complex II, III, and IV, when compared to wild-type cells. However, the atm1 mutant showed increased tolerance to DPI and rotenone, indicating that deletion of ATM1 triggered the activity of complex I in mitochondria of C. neoformans (Fig. 2C) . As a result, we determined the activity of the mitochondrial respiratory complex I in the atm1 mutant and found it to be increased by 1.5-fold in comparison to the wild-type strain (Fig. 2D) .
Deletion of ATM1 increases the sensitivity of C. neoformans to oxidative stress
In S. cerevisiae, deletion of ATM1 causes increased sensitivity to oxidative stress. 6, 29 The mitochondrial respiratory complexes I and III are known to be major generators of reactive oxygen species (ROS) in the cell, and we found that the C. neoformans atm1 mutant showed a significant increase in the activity of complex I. Therefore, we predicted that the atm1 mutant would exhibit increased ROS levels in mitochondria relative to the levels in wild-type cells. We tested this hypothesis by evaluating the sensitivity of the atm1 mutant cells to hydrogen peroxide, which generates free radicals in the cell, and found that the mutant was more sensitive than wild type (Fig. 3A) . Next, we used FACS analysis with MitoSOX, a fluorogenic dye that detects mitochondrial ROS in living cells, to examine whether the hypersensitivity of mutant cells to oxidative stress was caused by increased accumulation of ROS in mitochondria. 30 Our results confirmed an elevated accumulation of mitochondrial ROS in mutant cells relative to wild type (Fig. 3B) .
Superoxide dismutase activity is dependent on Atm1
In eukaryotic cells, a manganese-containing Sod plays a major role in mitochondrial ROS detoxification. Sod2 is a manganese-dependent Sod in S. cerevisiae, which shows significantly reduced activity in the S. cerevisiae atm1 mutant. 31 In S. cerevisiae, deletion of ATM1 also with the wild-type and represent the average from three independent experiments with standard deviations (P < .0001). The activity of catalase was measured using total cell lysate from the wild-type and the atm1 mutant (P < .0001).
stimulates hyper accumulation of iron in mitochondria, thereby causing inactivation of Sod2. It is known that misincorporation of iron in place of manganese causes inactivation of Sod2, and S. cerevisiae mutants that show disruption of mitochondrial iron metabolism commonly display significantly reduced Sod2 activity. 32 These findings in S.
cerevisiae and our observation of increased sensitivity of the atm1 mutant of C. neoformans to oxidative stress led us to investigate the activity of Sod2 in the mutant cells. As expected, Sod2 activity was dramatically reduced in the atm1 mutant compared to the wild-type strain (Fig. 3C) . The reduced activity of the enzyme may be due to misincorporation of iron in place of manganese because the Sod2 protein and transcript levels were not significantly altered following deletion of ATM1 (Fig. 3D) . Increased iron levels may trigger Sod2 inactivation in the atm1 mutant, as suggested in S. cerevisiae. 32 We investigated this by determining the iron content in the mutant cells. As shown in Figure 3E , both total cellular and mitochondrial iron levels were higher in the atm1 mutant than in the wild-type cells, with the mutant mitochondrial fraction displaying markedly increased iron levels. Thus, iron was hyper-accumulated in mitochondria of the atm1 mutant, and this may trigger the misincorporation of the metal cofactor leading to inactivation of Sod2 in C. neoformans.
Deletion of ATM1 influenced the expression of genes involved in iron uptake in C. neoformans
Hausmann et al. 33 used the S. cerevisiae atm1 mutant to show that depletion of mitochondrial ISC assembly and export causes profound changes in the transcriptional profile to yield a pattern that is highly similar to that of cells experiencing iron starvation. Furthermore, they suggested that a number of iron-consuming metabolic functions, such as heme metabolism, were repressed to minimize iron utilization in the atm1 mutant. In line with these results, we found that deletion of ATM1 triggered a dramatic increase in the expression of genes essential for iron uptake in C. neoformans, suggestive of constitutive iron deficiency, which may trigger hyperactivation of the iron transport system and can explain higher accumulation of iron in the mutant cells (Fig. 4A) . Moreover, evaluation of cytochrome c (a heme protein) and catalase activity revealed a significant reduction in heme availability in C. neoformans following deletion of ATM1 (Fig. 4B) . We determined and compared intracellular heme levels between the atm1 mutant and wildtype cells, and confirmed the reduction in heme biosynthesis in the atm1 mutant (Fig. 4C) . Thus, deletion of ATM1 in C. neoformans caused cells to behave as if they were constitutively iron deficient and to display reduced heme biosynthesis. The activity of cytosolic Leu1 in the wild-type strain and the atm1 mutant was measured. Three independent assays were performed, and averages were presented with standard deviations (P = .0099).
Atm1 is required for maturation of cytosolic ISC protein
Deletion of ATM1 and its homolog Abcb7 causes reduced activity of cytosolic ISC proteins in both S. cerevisiae and mammalian cells, without affecting the activities of mitochondrial ISC proteins. To investigate whether Atm1 is involved in ISC export from mitochondria in C. neoformans, we measured the activity of Aco1 and Leu1 in cells of the wild-type strain and the atm1 mutant. Aco1 is a mitochondrial ISC protein involved in the tricarboxylic acid cycle to generate energy in the cell, and its activity is dependent on the level of ISC biosynthesis in mitochondria. 34 We performed a zymography assay to measure Aco1 activity in C. neoformans and found no significant difference between the cells of the wild-type strain and the atm1 mutant. Thus, Atm1 does not appear to play a role in the maturation of Aco1 as a representative mitochondrial ISC protein (Fig. 5A ). Leu1 is required for leucine biosynthesis in C. neoformans and represents cytosolic ISC proteins. 16 To investigate the function of Atm1 in the maturation of Leu1, we determined the activity of the enzyme in cells of both the wild-type strain and the atm1 mutant. Our results revealed a significant reduction in Leu1 activity in the atm1 mutant compared to wild-type cells (Fig. 5B) . These results suggest that Atm1 plays a role in exporting ISC and in the activity of CIA machinery. Although we did not identify the specific substrate for Atm1, our data suggest that Atm1 function is required for the maturation of cytosolic ISC proteins. These results therefore provide insights into biosynthesis and distribution of ISC in C. neoformans.
ATM1 is required for virulence in C. neoformans
The major virulence factors of capsule formation and melanin synthesis are known to be critical for the pathogenesis of C. neoformans. 13, 35 We therefore tested whether the atm1 mutant displayed any deficiency for these major virulence factors and we found no association between Atm1 function and capsule or melanin formation (data not shown). Although the atm1 mutant showed no defects in virulence factors, we predicted that its virulence would be attenuated because it showed increased sensitivity to oxidative stress and distorted mitochondrial and cellular iron homeostasis. We therefore used a murine inhalation model of cryptococcosis to determine whether Atm1 contributes to virulence. Specifically, we inoculated 1 × 10 5 cells of the wild-type strain, the atm1 mutant, and the Atm1-GFP strain into 4-6 week-old C57BL/6 mice by intranasal instillation, and we monitored the survival of the mice on a daily basis. Mice infected with the atm1 mutant showed dramatically increased survival compared with those infected with the wild-type or the Atm1-GFP strains thus indicating that ATM1 is required for virulence in C. neoformans (Fig. 6 ).
Discussion
Our previous studies established that ISC-containing enzymes influence iron homeostasis as well as virulence in C. neoformans. 16 For instance, the strain lacking the gene encoding the ISC-containing cytosolic protein Leu1 showed impaired iron homeostasis, deficiency in ISC distribution, and significantly reduced virulence. 16 In the current study, we identified and functionally characterized the mitochondrial ABC transporter Atm1 in C. neoformans. We found that Atm1 was essential for the biogenesis of a cytosolic ISC protein, and we confirmed that the synthesis and distribution of ISC plays an important role in physiology and virulence of the fungus. No confirmed substrate for Atm1 from S. cerevisiae has been identified, although possible candidates have been suggested. The recent structural analysis by Srinivasan et al. 8 revealed that Atm1 from S. cerevisiae possesses conserved residues (R280, R284, N343, N390, S394, R397, and D398) that form hydrogen bonds with glutathione, and it was suggested that glutathione is required for Atm1 activity. 8 We found similar conserved residues (R311, R315, N374, N421, T425, R428, and E429) that may bind glutathione in the Atm1 polypeptide sequence from C. neoformans. We did note, however, that a glutamic acid (E429) was replaced with aspartic acid (D398) in comparison with the S. cerevisiae protein.
Other known Atm1 homologs, such as S. pombe Atm1 and A. thaliana Atm3, contain glutamic acid rather than aspartic acid, although it is not known if this difference influences protein function. We speculate that the amino acid difference may have caused a slight growth deficiency in the haploid atm1 mutant of S. cerevisiae complemented with ATM1 from C. neoformans.
In our previous study, we showed that mitochondrial dysfunction not only causes increased sensitivity to oxidative stress and antifungal drugs but also results in significant attenuation of virulence in a murine model of cryptococcosis. 16 The results from the current study indicated that normal mitochondrial functions are impaired in the atm1 mutant of C. neoformans. For example, we found that deletion of ATM1 resulted in significant growth defects in media containing non-fermentable carbon sources and alteration in the expression of mitochondrial respiration complexes. In particular, complex I was most affected among mitochondrial respiration complexes by deletion of ATM1, with the result that tolerance to complex I inhibitors was observed for the atm1 mutant. We hypothesize that an abnormal accumulation of matured ISC or an unknown Atm1 substrate within mitochondria may directly or indirectly affect the activity of complex I in the atm1 mutant. The hypersensitivity of the atm1 mutant to oxidative stress may be attributed to the dramatic increase in mitochondrial iron levels as compared with the wild-type strain, thereby suggesting an additional influence of Atm1 on mitochondrial functions. We hypothesized that the hyperaccumulated iron within mitochondria of the atm1 mutant cells interacts with oxygen, resulting in subsequent generation of reactive oxygen species via Fenton chemistry. 36 This hypothesis is partly supported by a previous study by Miao et al. 25 , wherein an Atm1-depleted strain of S. cerevisiae showed mitochondrial iron levels similar to the wild-type under anaerobic condition, but substantially higher mitochondrial iron than the wild-type strain under the aerobic condition. In addition, we observed that the growth of the C. neoformans atm1 mutant was restored under lowoxygen condition. On the other hand, our study indicated an influence of ATM1 deletion on Sod2 activity. Mitochondrial Sod2 contains manganese as a cofactor, and the enzyme catalyzes the conversion of free radicals into oxygen and hydrogen peroxide. Mitochondrial iron overload is known to inactivate Sod2 in S. cerevisiae, as the accumulated free iron outcompetes with manganese for binding to Sod2. 31, 32 Therefore, the activity of Sod2 may be impaired by the hyperaccumulation of iron in the mitochondria of C. neoformans cells lacking ATM1. Taken together, our data suggest that Atm1 makes an important contribution to mitochondrial functions and defense against oxidative stress in C. neoformans. Cytosolic ISC is essential for the regulation of ironresponsive transcription factor Aft1 in S. cerevisiae. In the iron-replete condition, the glutaredoxins Grx3 and Grx4 acquire cytosolic ISC, form a dimeric complex and bind to Aft1, leading to the dissociation of the protein from the promoters of genes involved in iron uptake. The lack of cytosolic ISC in the S. cerevisiae atm1 mutant resulted in dysregulation of the iron regulon by Aft1. 37 In the current study, we observed that the transcript levels for genes involved in iron uptake, such as CFT1 and CFO1, were significantly increased in the C. neoformans atm1 mutant, suggesting that cytosolic ISC plays critical roles in the regulation of the expression of genes required for iron uptake and that Atm1 is an essential component for iron regulation.
In the present study, we also found that Atm1 in C. neoformans was involved in heme biosynthesis, which is essential for various metabolic pathways, including ergosterol biosynthesis. Reduced intracellular heme and c-type cytochrome, and diminished activity of heme-containing catalase, in the atm1 mutant clearly support the idea that Atm1 influences heme biosynthesis in C. neoformans. The S. cerevisiae atm1 mutant and mammalian cells lacking the ATM1 homolog Abcb7 were shown to exhibit significantly reduced levels of intracellular heme, indicative of the conserved function of Atm1 in heme biosynthesis among eukaryotes. 33, 38 The atm1 mutant of C. neoformans was avirulent in the mouse model of cryptococcosis. Although the atm1 mutant showed normal expression of virulence factors such as capsule and melanin, it displayed abnormal respiratory function and iron homeostasis, sensitivity to oxidative stress, and dysregulated cytosolic ISC assembly. These phenotypes suggest that mitochondrial dysfunction and deficiency in iron homeostasis as well as ISC biogenesis were the main causes of avirulent phenotype of the atm1 mutant. Taken together, we therefore conclude that the mitochondrial ABC transporter Atm1 is essential for mitochondrial function, iron homeostasis, cytosolic ISC assembly, and virulence in C. neoformans. Overall, this is the first study to our knowledge to elucidate the role of Atm1 homolog in the virulence of a pathogenic fungus, and our findings may contribute to the development of antifungal therapies that target iron homeostasis.
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